Particles released from biomass burning can contribute to severe air pollution. We monitored 15 indoor and outdoor particles in a mechanically ventilated and air-conditioned building during 16 and after the 2013 haze event in Singapore. Continuous monitoring of time-and size-resolved 17 particles in the diameter range 0.01-10 µm was conducted for two weeks in each sampling 18 campaign. During the haze event, the averaged size-resolved outdoor particle volume 19 concentrations (dV/d(logD p )) for diameters larger than 0.3 µm were considerably higher than 20 those during the post-haze days (9-185 µm 3 cm -3 versus 1-35 µm 3 cm -3 ). However, the 21 average number concentration of particles with diameters in the range 10-200 nm was 22 substantially lower on the hazy days than on the post-haze days (11,400 to 14,300 particles 23 cm -3 for hazy days, versus an average of 23,700 particles cm -3 on post-haze days). The 24 building mechanical ventilation system, equipped with MERV 7 filters, attenuated the 25 penetration and persistence of outdoor particles into the monitored building. The air conditioning and mechanical ventilation system with MERV 7 filters provided low 31 single-pass removal efficiency (less than ~ 30%) for particles with diameters of 0.01-1.0 µm. 32
The air conditioning and mechanical ventilation system with MERV 7 filters provided low 31 single-pass removal efficiency (less than ~ 30%) for particles with diameters of 0.01-1.0 µm. 32
During the haze, for particles larger than ~ 0.2 µm, lower I/O ratios and higher removal 33 M A N U S C R I P T
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When air conditioning was employed, chilled water circulating through the coil had a 146 temperature of 7 °C. In normal practice at NTU, filters are replaced and cooling coils are 147 cleaned concurrently at intervals of three months. From June to August 2013, the filters were 148 not replaced and the cooling coils were not cleaned. When the mechanical ventilation was on, 149 the air exchange rate of the office was 3.8 h -1 , whereas when the system was off, the average 150 air exchange rate (owing to leakage) was 0.5 h -1 . 151
The ACMV system was operated in three different modes during the two monitoring 152 campaigns. During weekdays of both the hazy and the clear-sky periods, the ACMV system 153 was on (Mode 1: air conditioning and mechanical ventilation on) from 7:30 to 18:30. 154
Overnight during the haze period, i.e. 18:30 to 7:30 on the next day, the AC was off but the 155 MV system continued to operate (Mode 2: air conditioning off, mechanical ventilation on). 156
During the weekday overnight intervals of the clear-sky period, the ACMV system was off 157 (Mode 3: air conditioning and mechanical ventilation off). For weekends (both daytime and 158 overnight), Mode 2 was applied during the haze period and Mode 3 was applied for the clear-159 sky days. 160
Instruments 161
During both campaigns, size-and time-resolved concentrations of both indoor and outdoor 162 particles with diameters in the range 0.01 µm to 10 µm were concurrently monitored for 163 multiple days. Particles with diameters of 0.01 µm to 0.2 µm were measured with TSI 164 Nanoscan SMPS Nanoparticle Sizers (Model 3910, TSI Inc., Shoreview, USA). The SMPSM A N U S C R I P T
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9 uses isopropyl alcohol (purity ≥ 99.7%, Sigma-Aldrich) as the reagent and can measure 166 particle number concentrations in the range 100-1,000,000 cm -3 . For larger particles, 0.3-10 167 µm in diameter, TSI optical particle sizers (OPS, Model 3330) were employed. These can 168 measure particle concentrations up to 3,000 cm -3 and optically resolve particles into 16 size 169 channels. Temperature and relative humidity were measured using TSI VelociCalc Air 170 Velocity meters (model 9545-A). Monitoring was conducted continuously every day and 171 measurement results were recorded at intervals of 1 min. However, with high water vapor 172 content in Singapore's air, we found that the SMPSs only functioned properly (i.e. without 173 reporting error) during some portions of each day. Consequently, we have relatively small 174 datasets from the SMPSs in the current study. 175
An InfraRan Specific Vapor Analyzer (Wilkes Enterprise Inc., East Norwalk, USA) was used 176 to measure the air exchange rates of the indoor environment based on the tracer gas decay 177 method, using sulfur hexafluoride as the tracer. 178
Outdoor weather conditions 179
In accordance with expectations for Singapore's tropical climate, the outdoor weather 180 conditions were similar during each sampling campaign. Table S1 presents a summary of 181 selected outdoor atmospheric parameters and PM 2.5 mass concentrations for the two 182 campaigns. The PM 2.5 mass concentration presented in Table S1 of each day was calculated 183 based on outdoor sized-resolved particle number concentrations monitored by outdoor OPS 184 and SMPS with assumed particle density of 1.0 g cm -3 [22] . During the hazy period, 185 M A N U S C R I P T A C C E P T E D 
Data analysis and quality assurance 195
A clear difference is seen between the overall outdoor PM 2.5 concentrations of these two 196 campaigns (Table S1 ). According to data reported by Singapore's National Environmental 197 For particles in the diameter range 0.01-10 µm, count concentrations were converted to 207 volume concentrations based on the method reported in Zhou et al [22] . All data were 208 arranged day-by-day and days that had complete data without evidence of error (i.e. owing to 209 instrument malfunction) were chosen to compute outdoor size-resolved particle volume 210 concentrations (dV/dlog D p ) and number concentrations (dN/dlog D p ). Size-resolved outdoor 211 particle data for 19-22 June were averaged to represent the heavy haze days; data for 16-18 212 and 23 June were averaged to represent moderate haze conditions, data on 24-25 and 27-29 213
June were used to represent light-haze days, and measurements from 16-17 and 21-23 August 214
were applied to represent the clear-sky conditions. In all, seventeen days were selected for 215 further analysis, considering data availability as the major criterion. Days that had 216 continuously valid data for less than three hours were excluded to limit errors in determining 217 I/O ratios owing to lag time. In preliminary data processing, we only accepted data for which 218 there was no error reported by either particle-monitoring instrument or otherwise recorded in 219 our logbook. factors based on these comparisons were applied to minimize the differences between 231 individual instruments throughout the whole monitoring period. The side-by-side tests were 232 carried out in the room where the indoor station was placed. The test duration for the SMPSs 233 was 22.5 h and that for the OPSs was 21 h. In the tests, the monitors recorded data at 1-min 234 intervals, which was consistent with the indoor and outdoor monitoring experiments. We 235 calculated the adjustment factor for each channel using the average of readings in that 236 channel from the paired monitors as a reference value. In each channel, the reference values 237
were averaged over the whole test period and the average was divided by average of readings 238 from each monitor. The calculated adjustment factors are listed in Table S2 . The paired 239 monitors were reasonably consistent with each other for both SMPSs and OPSs with most 240 differences smaller than 15%. 241
Estimates of particle removal efficiencies of the ACMV system 242
We estimated size-resolved single-pass particle removal efficiencies of the ACMV system, 243 which are believed to be mainly attributable to the MERV 7 filters. Various ACMV 244 components, including filters, coils, and ducting, may contribute to particle removal when theM A N U S C R I P T
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13 system was operating; however, filters are believed to contribute the most to removal as other 246 components should play limited roles, especially for fine particles [24, 25] . The filters 247 remove the majority of coarse particles as they are the first layer of defense in the ACMV 248 system (as shown in Figure 1 ) and they have much higher removal efficiency for coarse 249 particles than for fine and ultrafine particles. isothermal conditions), no particle resuspension or generation indoors, no coagulation of 259 particles, and no phase-change processes. We also assumed that during monitoring, when the 260 mechanical ventilation was on, there was no particle infiltration from outdoors to indoors that 261 would bypass the filter. In addition, we assumed that the air-exchange rate of the indoor 262 environment was constant. We treated the filter efficiencies for particles of specific sizes to Table S3 presents the calculated β i value for each 276 effective particle size. In the indoor environment, as shown in Figure 1 , the air exchange rate 277 was 3.8 h -1 and the recirculation rate was 34.2 h -1 . Size-resolved particle removal efficiencies 278 of the ACMV system when it was operated in both Mode 1 (both AC on and MV on) and
Mode 2 (AC off and MV on) were computed based on the corresponding measured particle 280 I/O ratios, utilizing Equation 3. 281 Table S4 summarizes the time-weighted and size-resolved indoor and outdoor particle 284 number concentrations during and after the 2013 haze. For all haze levels, particles smaller 285 than 0.37 µm account for most particles by number. In each size range, the indoor 286 concentrations were always lower than the corresponding outdoor concentrations. 287
Results and Discussion 282
Summary of indoor and outdoor particle number concentrations 283
Size-resolved outdoor particle concentrations 288
Figure 2 illustrates time-averaged volume-weighted size distributions (dV/dlog D p ) measured 289 outdoors for particles with diameters 0.01-10 µm for the four haze conditions. Overall, 290 particle volume concentrations for the heavy haze days are approximately seven times higher 291 than on clear-sky days, with ratios ranging from 4 to 60 across particle sizes. Compared with 292 the clear-sky days, the total volume concentration is two times higher for light haze and five 293 times higher for moderate haze. It is noteworthy that submicron particles account for 294 approximately half (45-54%) of the total volume distribution for hazy days, whereas the 295 percentage was smaller (35%) for clear-sky conditions. There is an evident shift in the peak 296 of the submicron size distribution as the haze level increases. The peak diameter was 0. 
Total number concentrations of ultrafine particles (0.01-0.2 µm) for hazy days were less than 308 measured for clear-sky conditions. Specifically, levels were 13,100 ± 6,500, 11,400 ± 4,800, 309 and 14,300 ± 10,800 particles cm -3 for heavy, moderate and light haze days, respectively, 310 A plausible factor contributing to the shift in sizes is the different sources of ultrafine 313 particles and the associated growth processes. On hazy days, the primary source of 314 submicron particles over Singapore would be the agricultural fires in Sumatra, approximately 315 300 km to the west (as shown in Figure S1 ). It would take a day or two for pollutants emitted 316 from this locale to travel to Singapore. The time scale would enable the ultrafine particles to 317 grow to sizes larger than 0.10 µm in diameter [29] . haze in Singapore, knowledge about particle size-distributions is useful for developing 338 technology and policy to mitigate the adverse effects of haze particles. In Section 3.3, weM A N U S C R I P T
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18 evaluate indoor-outdoor relationships for particles in a mechanically ventilated building. 340
Since the ultrafine particle concentrations were observed not to increase during the haze, we 341 focus on particles with diameters of 0.3-10 µm and consider whether there are systematic 342 differences among the four different outdoor pollution conditions. 343 (90%). Even though the single-pass efficiency of the MERV 7 filters is only moderate, the 382 multiple passes of indoor air through the filters yields a high overall effectiveness in reducing 383 airborne coarse particle concentrations. 384
Time-resolved outdoor and indoor particle concentrations 344
In Section 3.2, we reported that particles larger than 0.1 µm dominated the particle volume or 385 mass concentrations during the haze. Here, we have shown that the ACMV system was 386 effective at removing particles larger than 2.5 µm under normal operation. Combining this 387 information, we could state that, in the absence of important indoor particle sources, 388 occupants of a building with a conventional ACMV system during the haze episode would 389 mainly be exposed to particles in the diameter range 0.1-2.5 µm. Recognizing the importance 390 of adverse human health effects associated with exposure to fine particles, it would be of 391 scientific and public health value to develop improved strategies to mitigate indoor fine 392 particle pollution from outdoor sources in this size range, especially during occasions of 393 extreme outdoor pollution such as the Singapore 2013 haze. Such information might assist 394 government agencies in setting policies to protect building occupants from excessive particle 395 exposure during haze episodes. Table 1 reports the time, date and haze levels of the datasets for the I/O ratios 400 calculation. The small number of entries in Table 1 occurs because we only used datasets 401 when the both indoor and outdoor SMPSs were functioning properly. In both modes, the 402 ACMV system is the major pathway by which outdoor particles migrate indoors. 403
The I/O ratios for all particle sizes are smaller than one, as expected given the absence of any 404 . 414 Figure 5 suggests that, in addition to mechanical ventilation and active filtration, the 415 operation of air conditioning influenced the indoor/outdoor particle ratio. There is a trend 416 such that when the air conditioning was on, the I/O ratios for particles between 0.17 µm and 417 2.5 µm were lower than when the air conditioning was off. Conversely, for particles smallerM A N U S C R I P T
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22 than about 0.1 µm, there is a tendency for the I/O ratio to be higher when the air conditioning 419 was on as compared to the air-conditioning off state. 420
We have compared the I/O ratios in these two modes using one-way ANOVA tests. The This trend contradicts the theoretically predicted results by Waring and Siegel [34] . In their 441 study, higher deposition rates were predicted for ultrafine particles onto a wet surface than 442 onto the dry surface of a cooling coil. We speculate that the higher I/O ratios that we observe 443 for these smallest particles might be attributable to the growth of ultrafine particles owing to 444 condensation as the air stream is cooled. The condensing species could include water and 445 also semivolatile organic compounds in the air stream whose partitioning between the gas 446 and particle phase is materially influenced by temperature. 447
The information in this study is insufficient to conclusively explain these observations. In 448 future studies, laboratory tests with well-controlled operational parameters could serve to 449 elucidate the influence of cooling coil operation on particle behavior across different size 450
ranges. 451
It is conceivable that variations of outdoor particle concentrations might indirectly influence 452 I/O ratios. However, our data indicate that the difference of time-averaged outdoor particle 453 concentrations between the daytime (AC on) and nighttime (AC off) conditions is relatively 454 small, i.e. less than a 10% difference. Consequently, we consider that variations in outdoor 455 levels did not significantly affect the I/O ratios between the two ACMV operation modes in 456 this investigation. range from 5% to 80% in both ACMV operation modes, with the respective lowest and 462 highest efficiencies occurring at 0.1 µm and 3.71 µm in Mode 1, and 0.33 µm and 6.0 µm in 463 episode. There was an evident size shift of the peak particle size to larger diameters within 498 the accumulation mode. This phenomenon might be a consequence of secondary growth of 499 organic aerosol induced by photochemical reactions during the haze. 500
In a mechanically ventilated and air conditioned room on the NTU campus, equipped with 501 MERV 7 grade filters, indoor particles in the size range 0.3-1.0 µm followed the time pattern 502 of outdoor particle concentrations, with some attenuation and a short lag time. The 503 correlations between indoor and outdoor particles in the size range 1.0-2.5 µm were moderate 504 and correlations were not observed for larger particles. Relative to the clear-sky conditions, 505 indoor concentrations of particles in the size range 0.3-2.5 µm increased by factors of 2 to 14 506 during the haze. Any such increase for larger particles was marginal. 507
The mean I/O ratio and removal efficiency of the ACMV system of particles was observed to 508 vary with particle size as would be expected. A conventional ACMV system with MERV 7 509 filters is insufficient to protect building occupants from high exposures to fine particles of 510 outdoor origin under extraordinary circumstances such as the 2013 haze. More effective 511 strategies to protect the public are needed for the recurring transboundary haze. 512
We observed that both I/O ratios and particle removal efficiencies of the ACMV system 513 varied systematically depending on whether or not the air conditioning was on. Information 514 in the current study is insufficient to fully explain these observations. As yet, there is limited 515 scientific knowledge about how pollutants, such particles, semivolatile organic compounds, for the office, illustrating the flow rates (Q), fans (F), filter and coil in the system. For airflow rates, the subscripts F, R and EX denote forced supply (make-up), recirculation and exfiltration, respectively.
Figure 2. Size-resolved time-averaged outdoor particle volume concentrations (dV/d(log D p )) sorted according to four particle pollution categories. The V value in the legend refers to total average particle volume concentration (0.01-10 µm) in each particle size category. Figure 3 . Size-resolved time-averaged outdoor particle number concentrations (dN/d(log D p )) sorted according to four particle pollution categories. The N value in the legend refers to total average particle number concentration (0.01-10 µm) in each particle size category. 
